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ABSTRACT Sewage samples have been investigated to study the norovirus concen-
trations in sewage or the genotypes of noroviruses circulating in human popula-
tions. However, the statistical relationship between the concentration of the virus
and the number of infected individuals and the clinical importance of genotypes or
strains detected in sewage are unclear. In this study, we carried out both environ-
mental and clinical surveillance of noroviruses for 3 years, 2013 to 2016. We per-
formed cross-correlation analysis of the concentrations of norovirus Gl or Gll in sew-
age samples collected weekly and the reported number of gastroenteritis cases.
Norovirus genotypes in sewage were also analyzed by pyrosequencing and com-
pared with those identified in stool samples. The cross-correlation analysis found the
peak coefficient (R = 0.51) at a lag of zero, indicating that the variation in the Gl
concentration, expressed as the log,, number of copies per milliliter, was coincident
with that in the gastroenteritis cases. A total of 15 norovirus genotypes and up to 8
genotypes per sample were detected in sewage, which included all of the 13 geno-
types identified in the stool samples except 2. GIl.4 was most frequently detected in
both sample types, followed by Gll.17. Phylogenetic analysis revealed that a strain
belonging to the GIl.17 Kawasaki 2014 lineage had been introduced into the study
area in the 2012-2013 season. An increase in Gl.3 cases was observed in the 2015-
2016 season, and sewage monitoring identified the presence of Gl.3 in the previous
season (2014-2015). Our results demonstrated that monitoring of noroviruses in sew-
age is useful for sensitive detection of epidemic variants in human populations.

IMPORTANCE We obtained statistical evidence of the relationship between the vari-
ation in the norovirus Gll concentration in sewage and that of gastroenteritis cases
during the 3-year study period. Sewage sample analysis by a pyrosequencing ap-
proach enabled us to understand the temporal variation in the norovirus genotypes
circulating in human populations. We found that a strain closely related to the GII.17
Kawasaki 2014 lineage had been introduced into the study area at least 1 year be-
fore its appearance and identification in clinical cases. A similar pattern was ob-
served for Gl.3; cases were reported in the 2015-2016 season, and closely related
strains were found in sewage in the previous season. Our observation indicates that
monitoring of noroviruses in sewage is useful for the rapid detection of an epidemic
and is also sensitive enough to study the molecular epidemiology of noroviruses.
Applying this approach to other enteric pathogens in sewage will enhance our un-
derstanding of their ecology.

KEYWORDS Norovirus, massive parallel sequencing, molecular epidemiology, rapid
detection of epidemic, sewage, virological surveillance
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oroviruses are among the leading etiological agents of viral gastroenteritis across

all ages. Infection can be fatal in vulnerable populations such as infants and the
elderly, although asymptomatic infections are also common (1). Among patients hos-
pitalized for gastroenteritis and those visiting a clinic, norovirus is the most common
cause of diarrhea in adults and the second most common cause (after rotavirus) in
children (1). Noroviruses globally cause approximately 700 million illnesses and 0.2
million deaths per year, leading to $60 billion in social losses, including direct health
care costs and productivity losses (2).

Noroviruses are positive-sense single-stranded RNA viruses belonging to the family
Caliciviridae. The genome includes three open reading frames (ORFs). ORF1 encodes the
nonstructural polyprotein, including the RNA-dependent RNA polymerase (RdRp). ORF2
and ORF3 encode the two structural proteins, the major (VP1) and minor (VP2) capsid
proteins, respectively (3). VP1 consists of an N-terminal domain, a shell (S) domain, and
a protruding (P) domain, which is further divided into the P1 and P2 subdomains (4).
Noroviruses are classified into seven genogroups, and each genogroup is further
divided into genotypes based on the phylogenetic clustering of the complete VP1
amino acid sequences (5). Genogroup | (Gl), GlI, and GIV are human noroviruses and are
further classified into 9, 22, and 2 genotypes (1 GIV genotype for humans), respectively
(5). Gll genotypes have been detected in clinical cases more frequently than GI, whereas
GIV has been rarely detected (6, 7). Since the mid-1990s, outbreaks and sporadic cases
of genogroup Il genotype 4 (Gll.4) have frequently been reported (1, 8) and its different
variants have emerged approximately every 2 to 3 years (5). Recently, a new Gll.17
variant known as Kawasaki 2014 emerged in Asia. This variant has caused an outbreak
and sporadic cases across the world, replacing previously prevalent Gll.4 Sydney 2012
(9-14). Since novel variant strains may be latent in a community as minorities before
producing an epidemic (15), it is necessary to understand the diverse genotypes of
noroviruses circulating in human populations.

The number of gastroenteritis cases caused by noroviruses has a seasonal peak in
the winter months in temperate regions of Europe and North America (16), as well as
in Japan (17). Since sewage theoretically receives noroviruses excreted in feces or
vomitus from all of the infected individuals in a catchment area, it has been investi-
gated as one of the comprehensive approaches to study the molecular epidemiology
of this virus (18-20). However, limited studies have investigated both environmental
and stool samples, and the cloning-sequencing approach employed has identified only
the predominant genotypes or strains in sewage (21-23). Very recently, a pyrosequenc-
ing approach has been employed to investigate noroviruses in sewage, and multiple
genotypes circulating in human populations were identified (24, 25). Our previous
study succeeded in providing detailed information regarding the temporal dynamics of
noroviruses (25); however, that study was conducted in a single epidemic period and
a long-term study was necessary to evaluate the sensitivity and applicability of this
approach.

Recently, some studies have attempted to utilize the concentration of human
enteric viruses in sewage to estimate the prevalence of infections in human popula-
tions. Lodder et al. demonstrated that the concentration of poliovirus (oral attenuated
live polio vaccine) in sewage well reflected the number of individuals shedding the
virus (26). Other studies showed that the highest concentration of norovirus in sewage
was observed at a time similar to that of a peak in norovirus gastroenteritis cases (23,
27, 28). However, those studies were carried out for a limited period of time and the
statistical relationship between the two time series data, the norovirus concentration in
sewage and the number of gastroenteritis cases, is unknown.

In the present study, we performed both environmental and clinical surveillance of
noroviruses over 3 years. Norovirus Gl and GIl concentrations in sewage samples
collected weekly were determined by real-time quantitative PCR (gqPCR) assays, and
these genotypes were investigated by pyrosequencing. To evaluate the relationship
between the norovirus concentration in sewage and the number of gastroenteritis
cases in the area, we performed cross-correlation analysis by using the concentration of
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FIG 1 Concentrations of norovirus Gl and Gll in sewage and numbers of gastroenteritis cases reported in the study area. The norovirus
Gl and Gll detection limits are 1.5 and 1.6 log,, copies/ml, respectively.

norovirus Gl or Gll in sewage and the number of gastroenteritis cases reported in the
study area. In parallel, we also determined the norovirus genotypes detected in
gastroenteritis cases and compared the temporal prevalence and diversity of norovirus
genotypes in both sewage and stool samples.

RESULTS

Norovirus concentrations in sewage and reported gastroenteritis cases. The
overall rates of recovery of the murine norovirus (MNV) used to spike sewage samples
ranged from 1.4 to 45% (geometric mean, 13%; n = 154), suggesting that there was no
significant loss of viruses in the polyethylene glycol (PEG) precipitation or inhibition in
reverse transcription (RT)-qPCR. This result allowed us to quantify the norovirus con-
centrations in the sewage samples. Figure 1 shows the concentrations of norovirus Gl
and Gll in sewage and the number of gastroenteritis cases reported in the study area
based on the pediatric sentinel surveillance. Both the concentrations of noroviruses and
the number of gastroenteritis cases increased in the winter months, from November to
February, and decreased in the summer months, from June to August. These trends
were observed similarly in each norovirus season (i.e., from September to August).

In the 2013-2014 and 2014-2015 norovirus seasons, Gl was sporadically detected in
sewage, with relatively low concentrations from September to December. After that,
the concentrations increased to 1.1 X 10* copies/ml in February 2014 and 6.9 X 103
copies/ml in March 2015, respectively, and then decreased until June. In July and
August, Gl was rarely detected. In contrast, in the 2015-2016 season, Gl was continu-
ously detected in sewage from October and the concentrations in November and
December (up to 3.5 X 10* copies/ml) were higher than those in the following 3
months.

Gll was continuously detected in sewage in the 2013-2014 season, with two peaks
from September to July. The concentration increased to 4.0 X 10* copies/ml in January
and then decreased but again increased from April to June. In the 2014-2015 season,
GIl was continuously detected in sewage from October to August, with a maximum
concentration of 3.9 X 10° copies/ml in February. In contrast to the previous season, Gl
was frequently detected between July and August. In the 2015-2016 season, Gl was
detected from September on and the maximum concentration (2.2 X 10° copies/ml)
was observed in February, as in the previous season.

Cross-correlation analysis of the norovirus concentrations in sewage and the
reported gastroenteritis cases. When the cross-correlation analysis found the peak
coefficient with a lag of zero, plus, or minus, this indicated that the variation in the virus
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FIG 2 Distribution of cross-correlation coefficients between the number of gastroenteritis cases reported in the
study area (A) or in Japan (B) and the concentration of norovirus Gl (A-1 and B-1) or Gl (A-2 and B-2) in sewage.
The lag of the time that the norovirus concentration changed behind the time that the number of gastroenteritis
cases changed was defined as “+.” The two horizontal lines represent the 95% confidence interval for the
correlation.

concentration, expressed as the log,, number of copies per milliliter, was coincident
with, behind, or ahead of the variation in the number of gastroenteritis cases. No
significant correlation between the norovirus Gl concentration in sewage and the
number of gastroenteritis cases reported in the study area or in Japan was observed
(Fig. 2A-1 and B-1). In contrast, the Gll concentration, expressed as the log,, number of
copies per milliliter, significantly correlated with the number of gastroenteritis cases
reported in the study area with a lag of —2 to +6 weeks or in Japan with a lag of 0
to +7 weeks (Fig. 2A-2 and B-2). The highest correlation coefficient was observed with
a lag of 0 weeks for the study area (R = 0.51) or with a lag of +5 weeks for Japan (R =
0.44), suggesting that the concentration of norovirus Gll in sewage changed synchro-
nously with the number of infected individuals in the catchment area or changed with
a 5-week delay with respect to the number of infected individuals in Japan.

Virological surveillance for gastroenteritis cases. In total, 296 rectal swab sam-
ples were collected from patients with gastroenteritis from the 14th week of 2013 to
the 13th week of 2016. Of these samples, 102 (34%) were positive for norovirus(es),
including 14 cases of Gl infection (13%), 92 cases of Gll infection (87%), and 4 cases of
Gl and Gll coinfection (4%). Other viruses were detected in 52 of the norovirus-negative
samples and 4 of the norovirus-positive samples, namely, rotavirus (33 cases), sapovirus
(13 cases), astrovirus (8 cases), adenovirus (1 case), and parechovirus (1 case).
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FIG 3 Genotypes identified in clinical samples in each norovirus season. The period of each norovirus
season is September to August, except in the 2012-2013 (November to August) and 2015-2016 (Sep-
tember to March) seasons.

In this study, 101 nucleotide sequences were obtained from norovirus-positive stool
samples and 12 genotypes were identified, including four Gl genotypes (Gl.2, GI.3, Gl.4,
and Gl.6) and eight Gl genotypes (GII.3, Gll.4, GII.6, Gll.13, GII.14, Gll.15, GII.17, and
GlI.21). Norovirus Gll.4 was the genotype most frequently detected during the present
study period (48 cases, 48%), followed by GII.17 (25 cases, 25%), GlI.6 (8 cases, 8%), Gl.3
(6 cases, 6%), Gl.2 (4 cases, 4%), and other genotypes. Gll.4 included two variants,
Sydney 2012 (47 cases) and Den Haag 2006b (1 case).

Figure 3 shows the genotypes identified in stool samples in each norovirus season,
which includes genotypes identified in stool samples collected during the previous
study period (November to March of the 2012-2013 season) to confirm the variation of
genotypes in each norovirus season.

Sewage sample analysis by pyrosequencing. Twenty-three sewage samples were
analyzed by pyrosequencing, and norovirus Gl and Gl were detected in 20 and 22
samples, respectively. After the denoising of nucleotide sequences and chimera re-
moval (see the bioinformatic analysis section), 827,433 sequence reads were obtained
as norovirus reads, with a mean of 22,374 reads for Gl and 17,270 for Gll per sample.
The mean number of OTUs per sample was 5.0 for Gl and 13 for GII. On the basis of the
number of OTUs, Gl exhibited a higher diversity than Gl in wastewater samples (P =
0.014, Wilcoxon signed-rank test). Most rarefaction curves reached or almost reached a
plateau (17/20 samples for Gl and 17/22 samples for Gll), which indicates that those
pyrosequencing runs were deep enough to confirm the diversity of noroviruses. The
other runs (i.e., June 2014 and April and August 2015 for Gl and October and December
2013, June and October 2014, and August 2015 for Gll) did not reach a plateau, partly
because norovirus concentrations, as well as the diversity of noroviruses in sewage
samples, were quite low (geometric mean, 60 copies/ml).

Comparison of norovirus genotypes detected in stool and sewage samples.
Table 1 shows the norovirus genotypes detected in the stool and sewage samples in
each norovirus season during the present and previous study periods. We found 15
norovirus genotypes in sewage samples (6 for Gl and 9 for GlI) in the 2012-2013 season,
13 (5 for Gl and 8 for Gll) in the 2013-2014 season, 10 (3 for Gl and 7 for GlI) in the 2014-2015
season, and 11 (4 for Gl and 7 for Gll) in the 2015-2016 season. All of the genotypes
detected in stool samples were also detected in sewage samples in the corresponding
season, except in two cases (GIl.15 in the 2012-2013 season and Gll.21 in the 2015-2016
season).
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TABLE 1 Distribution of norovirus genotypes detected in stool and sewage samples in each norovirus season®

Gl genotype Gll genotype

Gll4

Den New Sydney
Season GI1 GI2 GI3 GI4 GI6 GI7 GI9 GlI2 GII3 Haag 2006b Orleans 2009 2012  GlI5 Gll6 GlI7 GII8 GlI12 GII13 GII14 GlI15 GlI17 GlI21
2012-20130 O O O e O O ° ° ° O e O O O ° © O
2013-2014 e O e O O ° ° ° o O ° o O
2014-2015 e O O O O e ° O O O °
2015-2016 O o e o o O ° O o O (] ©

aSymbols: ®, genotypes detected in both sewage and stool samples; O, genotypes detected in sewage samples; ©, genotypes detected only in stool samples.

Four GI genotypes (Gl.2, Gl.3, Gl4, and GI.6) were detected in both stool and sewage
samples. Gl.2 was detected in the stool samples of all of the norovirus seasons except
2012-2013, whereas it was found in the sewage samples of all four seasons. GL.3 was
detected only in stool samples in the 2015-2016 season but was found in sewage in all of
the seasons. Gl.4 was detected in the stool samples of the 2013-2014 season and in the
sewage samples of the 2012-2013 and 2013-2014 seasons. Gl.6 was detected only in stool
samples in the 2015-2016 season and in sewage samples in all of the norovirus seasons
except 2014-2015. GI.1 and GL.9 were detected only in sewage samples in two seasons each,
seasons 2012-2013 and 2015-2016 and seasons 2013-2014 and 2014-2015, respectively.

Gll.4 was the predominant genotype in the stool samples in the first two seasons
(i.e.,, 2012-2013 and 2013-2014) (Fig. 3) and was also found in sewage (Table 1). The
same Gll.4 variants emerged in both stool and sewage samples in each season; the
Den Haag 2006b variant was detected in the 2012-2013 and 2014-2015 seasons, the
New Orleans 2009 variant was found only in the 2012-2013 season, and the Sydney
2012 variant was found in all of the seasons. GIl.17 first appeared in a sewage
sample in the 2012-2013 season (the sample collected in January 2013) and was
detected in all of the seasons. This genotype was predominant in clinical cases in
the last two seasons (i.e., 2014-2015 and 2015-2016) (Fig. 3). Gll.6 was detected in
clinical cases in the 2012-2013 and 2013-2014 seasons, but it was found in sewage
in every norovirus season. GII.3, GI.13, and GIl.14 were observed less often in
clinical cases; however, they were detected in sewage samples in all four norovirus
seasons except the 2012-2013 season for GlI.3. The other Gll genotypes (Gll.2, GII.5,
Gll.7, GII.8, and GII.12) were detected only in sewage samples.

Phylogenetic analysis of norovirus strains detected in stool and sewage sam-
ples. Phylogenetic trees of the RdRp-N/S region of strains obtained in the present and
previous studies (25) were constructed for each genotype by the neighbor-joining
method. Each tree showed a strong clustering of the norovirus strains detected in stool
and sewage samples with near collection dates, indicating that noroviruses detected in
sewage reflect the strains circulating in the catchment area. Among the genotypes
detected in both sewage and stool samples, GI.17 and Gl.3 strains detected in the
present and previous studies formed two distinct clusters in each tree (Fig. 4). The GII.17
strains formed subcluster Kawasaki323 2014 and subcluster Kawasaki308 2015 (10) (Fig.
4A). The GII.17 strains detected in the sewage samples of January 2014 (140108_5S), as
well as January and February 2013 (130116_S, 130123_S, 130130_S, and 130206_S),
were included in subcluster Kawasaki323 2014, and the other strains detected in stool
and sewage samples belonged to subcluster Kawasaki308 2015. The Gl.3 strains de-
tected in stool and sewage samples in the 2014-2015 and 2015-2016 seasons were
included in subcluster A, whereas subcluster B included strains detected only in the
sewage samples collected in the 2013-2014 season (Fig. 4B).

DISCUSSION

In the present study, we investigated the statistical relationship between the
norovirus concentration in sewage and the number of reported gastroenteritis cases
and also the temporal prevalence and diversity of norovirus genotypes in sewage and
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FIG 4 Phylogenetic trees of sequences obtained from sewage and stool samples (A, GII.17; B, GI.3). The name of each sequence
obtained consists of the sampling date (year-month-day), followed by S (sewage) or P (patient). The name of each reference
sequence consists of the year, followed by the strain name, country, and accession number. The values at the nodes represent
bootstrap rates of >70%.
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stool samples. The results of the cross-correlation analysis showed that Gll concentra-
tions in sewage significantly correlated with the number of gastroenteritis cases
reported in the study area without a lag time, which suggested that monitoring of
norovirus Gl concentrations in sewage will be able to detect increases in norovirus
infections in a catchment area. Monitoring of norovirus genotypes in sewage by
pyrosequencing enabled us to understand the temporal variation of the norovirus
genotypes circulating in human populations and to find that the novel GIl.17 Kawasaki
2014 variant was introduced into the community in the 2012-2013 season, 1 year
before it was first detected in a gastroenteritis patient in Japan. Our results suggest that
monitoring of sewage for norovirus concentrations and genotype diversity can be
useful for molecular epidemiological surveillance of noroviruses.

The norovirus Gll concentration in sewage showed a significant correlation with
the number of gastroenteritis cases reported in the study area, but the norovirus Gl
concentration did not. This difference is probably because the number of reported
gastroenteritis cases caused by Gll was significantly larger than that caused by GlI. In the
present study, the number of Gll cases was much more than that of Gl cases (92 and
14, respectively), even when the concentrations of Gl and Gll in sewage were compa-
rable (e.g., January and February 2014). Previous studies also reported that Gl concen-
trations in sewage were comparable to Gl concentrations (18, 29-31), and Gl cases
were less frequently reported than Gll cases (6, 32, 33). The highest correlation coefficient

May 2017 Volume 83 Issue 9 e03406-16

I Subcluster A

130220_S I Subcluster B

Applied and Environmental Microbiology

aem.asm.org 8


http://aem.asm.org

Sensitive Detection of NoV Epidemic Variants in Sewage

was observed at a lag time of 0 weeks for the gastroenteritis cases reported in the
study area and +5 weeks for those reported in Japan, indicating that the variation
in the GIl concentration in sewage was coincident with that of the gastroenteritis cases
in the local population. Although a significant correlation between the GIl concentra-
tion and the number of cases reported in the study area was observed at —2 to +6
weeks, the coefficients at +1 to +5 weeks were higher than those at —2 and —1 weeks.
This difference is probably because the norovirus concentration in sewage reflects the
number of infected individuals shedding the virus, whereas the gastroenteritis cases are
counted on the basis of the date of a doctor visit. That is, the correlation with delay (lag
+1 to +5 weeks) reflected norovirus shedding, which is known to continue for a few
days to some months (34-37).

The GII.17 sequences obtained in our previous and present studies were clustered
into two groups, subclusters Kawasaki323 2014 and Kawasaki308 2015 (10). The
Kawasaki323 strain (accession number AB983218) and the Kawasaki308 strain (acces-
sion number LC037415) were identified as novel GII.P17-GIl.17 variants in 2014 and
2015, respectively (12). Some sporadic cases caused by strains closely related to
Kawasaki323 were reported during the 2013-2014 norovirus season in Japan (12). In our
previous and present studies, the strains that belong to subcluster Kawasaki323 2014 were
detected in the five sewage samples collected in the 2012-2013 and 2013-2014 seasons,
although no cases caused by those strains were observed. In contrast, the strains closely
related to Kawasaki308 were detected in stool samples in the 2014-2015 and 2015-2016
seasons, as well as in sewage samples. These findings suggest that the pathogenicity of
these strains may be higher than that of the strains related to Kawasaki323 in the human
population in the study area. The Kawasaki308 strain includes some mutations of the VP1
gene of the Kawasaki323 strain (12), and outbreak and sporadic cases were reported across
the world in the 2014-2015 and 2015-2016 seasons (9-14).

We note additionally that the two GII.17 variants appeared first in sewage samples and
then in stool samples. The strain closely related to the Kawasaki323 strain was first detected
in a sewage sample collected on 16 January 2013 (Fig. 4A), which was 1 year earlier than
its clinical identification in February 2014 in Japan (12). Similarly, the strain closely related
to the Kawasaki308 strain was first detected in a sewage sample collected on 8 October
2014, and the related strain was found in a stool sample collected in February 2015 in Japan
(12). Our observation clearly indicated that the novel GIl.17 variants had been introduced
into the community as minorities before causing an epidemic, as reported for the Gll.4 Den
Haag 2006b (15) and Sydney 2012 (38) variants.

Interestingly, GI.3 showed a pattern similar to that of GII.17, where GI.3 strains
belonging to subcluster A were detected only in sewage samples and those belonging
to subcluster B were detected in both sewage and stool samples in the 2015-2016
season. More specifically, strain 150304_S was detected in the sewage sample of March
2015 and the related strains were detected in both sewage and stool samples in the
next norovirus season (Fig. 4B). Although the number of clinical samples was small,
possible explanations for this result include higher pathogenicity of the strains de-
tected in the 2015-2016 season than of those found in the 2012-2013 and 2013-2014
seasons or greater population immunity to the strains in the 2012-2013 and 2013-2014
seasons because of the cross-reactive immunity generated by other prevalent geno-
types (39, 40). According to the nationwide Japanese database, 0 to 29 (mean, 8.2) cases
were caused by GI.3 per year in the 2005 to 2014 seasons, but the number of cases had
increased to 102 and 55 in the 2014-2015 and 2015-2016 seasons (as of November
2016), respectively (41). This fact may support our speculation. Further analysis, such as
whole-genome sequencing and identification of recombination and mutations, is
necessary to explain the novelty and pathogenicity of these Gl.3 strains. These findings
regarding Gl.3, as well as GII.17, support the strong sensitivity and applicability of
genotype monitoring in sewage by pyrosequencing to detect new variants that have
the potential to produce an epidemic.

The sewage monitoring by pyrosequencing approach well described the diversity
and temporal changes of norovirus genotypes circulating in the catchment area.
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Almost all of the genotypes/variants obtained from patients were detected in sewage
samples in the corresponding norovirus seasons, and those sequences were identical or
very similar to each other. Such a correspondence was also observed in our previous
study, where the emergence and spread of the Gll.4 Sydney 2012 variant during the
2012-2013 season were observed in both sewage and stool samples (25). However, we
observed discrepancies between the norovirus genotypes detected in sewage samples
and those detected in stool samples. One discrepancy was that all of the samples
included several genotypes for which cases were not observed during the study period.
For example, 15 genotypes (18 if the genotypes detected in the previous study are
included) were detected in sewage samples, whereas 4 genotypes were found in stool
samples in the 2012-2013 season. Thirteen, 10, and 11 genotypes were detected in
sewage samples, whereas 7, 3, and 6 genotypes were found in stool samples in the
2013-2014, 2014-2015, and 2015-2016 seasons, respectively. One explanation for this
discrepancy is that most of the genotypes in the sewage samples reflected asymptom-
atic and/or mildly symptomatic infections. It is known that asymptomatic infections are
common, and many people who are infected with norovirus do not seek medical care
(1, 37, 42, 43). According to community-based studies, the monthly prevalence of
norovirus in stool samples ranged from 0 to 15% and only 3% of the norovirus-positive
samples were coincident with diarrhea (44), although it is not known if the prevalence
of asymptomatic infections in those low-income countries is similar to that in devel-
oped countries. As a reference, in Japan, there is a report that norovirus was detected
in 73% and 7% of symptomatic and asymptomatic food handlers, respectively (30). As
another explanation, the number of cases in our study was observed as a part of all of
the cases in the catchment area. Although the clinical importance of the genotypes or
strains detected only in sewage samples may be low at that moment, their appearance
in sewage indicates that viral evolution is occurring before those strains produce an
epidemic. If the whole nucleotide sequence of the VP1 gene or at least the P2 subdomain
region could be obtained from sewage samples, it would be informative to study the
host-virus interaction of those certain genotypes or strains. Further investigation, such as
cohort studies of symptomatic and asymptomatic norovirus infections, may help us un-
derstand the particular genotypes or strains detected only in sewage samples. The other
discrepancy is that GlI.15 and GII.21 were each detected in a single stool sample (28 July
2013 and 21 January 2016, respectively) but not in sewage samples. This discrepancy is
possibly because the timing of sewage sampling (the nearest dates of the onsets are 7
August 2013 and 3 February 2016, respectively) was after the period of viral shedding by
each gastroenteritis patient. Otherwise, the cases caused by those genotypes were very rare
at that moment and those PCR products could not be obtained from the sewage samples.

We carried out a 3-year monitoring of norovirus in sewage and gastroenteritis cases.
Previous studies (23, 27) showed that the highest concentration of norovirus in sewage
was observed at a time similar to that of a peak in norovirus gastroenteritis cases. In the
present study, we showed the statistical significance of the correlation between the
concentration of norovirus Gll in sewage and the number of gastroenteritis cases. This
finding suggested that sewage monitoring for noroviruses enabled us to detect the
increase in the number of infections in the catchment area, although the significance
of the norovirus concentration in sewage related to the epidemic should be investi-
gated in the future. Moreover, although there remains speculation that genotypes
observed only in sewage were reflected in asymptomatic and mildly symptomatic
infections, sewage monitoring by pyrosequencing was helpful in understanding the
prevalence and diversity of norovirus genotypes circulating in human populations.
Since human-pathogenic viruses detected in sewage are highly diverse, applying this
approach to other enteric pathogens detected in sewage will enhance our understand-
ing of their ecology.

MATERIALS AND METHODS

Study design. This study was conducted for 3 years, from April 2013 to March 2016, in the town of
Matsushima, Miyagi Prefecture, Japan. As of March 2016, the town had 14,367 inhabitants and one
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municipal wastewater treatment plant that received domestic wastewater from 67.4% of the population.
There are four internal medicine clinics in the town, three of which participated in our virological
surveillance for gastroenteritis cases. Regarding the correlation analysis of the number of gastroenteritis
cases and the norovirus concentration in sewage, we used the number of gastroenteritis cases reported
in the eastern area of Miyagi Prefecture, including the town of Matsushima (446,627 inhabitants as of
March 2016), and that reported in Japan.

Analysis of noroviruses in stool samples. (i) Sample collection and screening. Virological
surveillance for gastroenteritis cases was conducted at three outpatient clinics for internal diseases in the
town. Since there is no official system of primary care by general practitioners or family physicians in
Japan, patients with gastroenteritis seek a pediatrician or specialist in internal medicine. Patients with
diarrhea who visited the three clinics from the 14th week of 2013 to the 13th week of 2016 were included
in this study (in total 296 patients). One rectal swab sample was collected from each patient after
informed consent was obtained. Since participation in this study had a minimum risk and is part of the
general practice of diagnosis of gastroenteritis, we obtained verbal informed consent after explaining the
study based on the consent and assent (for those <18 years old) forms. If a patient was <18 years old,
informed consent was obtained from a parent or guardian. The consent was recorded in the patient’s
medical chart. The process by which consent was obtained was approved by the ethics committee of the
Tohoku University Graduate School of Medicine. Samples were stored at 2 to 8°C and transferred to a
laboratory at Tohoku University within a week. The samples were then screened for noroviruses by
real-time PCR assays for norovirus Gl and Gll (25) within 1 to 3 days. Briefly, each rectal swab was
moistened in 1 ml of phosphate-buffered saline and RNA extraction was performed with the QlIAamp
Viral RNA minikit (Qiagen, Hilden, Germany) with QlAcube (Qiagen). cDNA was synthesized with
SuperScript Il reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) with TaKaRa PCR
Thermal Cycler Dice (TaKaRa Bio, Otsu, Japan) in accordance with the manufacturer’s instructions. The
amplification reaction was performed with the following primers and probes: COG1F, COG1R, RING1(1)-
TP, and RING1(b)-TP for GI and COG2F, COG2R, and RING2-TP for Gl (45). Noroviruses were detected by
real-time PCR with the TagMan Fast Advanced master mix (Thermo Fisher Scientific) and the Applied
Biosystems 7500 real-time PCR system (Thermo Fisher Scientific) in accordance with the manufacturer’s
instructions (25). For reference, we also tested rotavirus, sapovirus, and astrovirus by using real-time PCR
assays with previously described primers and probes (46-48).

(ii) Analysis of genotypes. Norovirus-positive rectal swab samples were assessed by Sanger se-
quencing. The partial RdRp and capsid N/S-encoding domain (RdRp-N/S) region of the norovirus genome
in the test-positive samples was amplified by single-round PCR or nested PCR with Ex Taq (TaKaRa Bio,
Otsu, Japan) and primers p290, COG1F, COG2F, G1SKR, and G2SKR to determine the Gl and GIl genotypes
(45, 49, 50). The PCR products were purified with the QIAquick PCR Purification kit with QIAcube (Qiagen)
or illustra ExoProStar (GE Healthcare Japan Corporation, Tokyo, Japan) and then sequenced with the
BigDye Terminator v1.1 Cycle Sequencing kit and an Applied Biosystems 3130 genetic analyzer or a
3730xI DNA analyzer (Thermo Fisher Scientific) (25).

(iii) Ethics statement. This study was approved by the Research Ethics Committee of the Tohoku
University Graduate School of Medicine, Sendai, Japan.

Analysis of noroviruses in sewage samples. (i) Sample collection. Primary effluents were collected
at the wastewater treatment plant on Wednesdays from 3 April 2013 (the 14th week of 2013) to 30 March
2016 (the 13th week of 2016), except for the 1st week of 2014 and the last week of both 2014 and 2015;
thus, 156 weekly samples were collected and analyzed. The grab samples (1 liter each) were collected
around 10 a.m,, transported to the laboratory on ice, and stored in a deep freezer (—80°C) until analysis.

(ii) Virus concentration, nucleic acid extraction, and RT. Noroviruses were recovered from 40 ml
of the primary effluent sample and concentrated to 1 ml as virus concentrate by the PEG precipitation
method (25). Prior to PEG precipitation, a known amount (approximately 102 genome copies) of MNV
strain S7-PP3, provided by Yukinobu Tohya (Nihon University, Japan), was used to spike each sample as
a whole-process control.

Viral RNA was extracted from 140 ul of the virus concentrate with the QIAamp Viral RNA minikit with
QlAcube (Qiagen), and cDNA was synthesized with the iScript Advanced cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA) on a Veriti 96-well Thermal Cycler (Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions (25).

(iii) Norovirus quantification by qPCR assay. Concentrations of norovirus Gl and Gl were deter-
mined by real-time gqPCR on a CFX96 Real-Time PCR detection system (Bio-Rad). The amplification
reaction was performed with SsoFast Probes Supermix (Bio-Rad) and the following primers and probes:
COG1F, COG1R, RING1(a)-TP, and RING1(b)-TP for Gl and COG2F, COG2R, and RING2AL-TP for GlI (45, 51,
52). Each 20-ul reaction mixture contained 5 ul of cDNA, 10 ul of SsoFast Probes Supermix (Bio-Rad), and
the primers and probes specified in the references. The PCR cycling conditions were 10 min at 95°C,
followed by 50 cycles of 15 s at 95°C, 60 s at 56°C, and 30 s at 72°C (25).

To evaluate the overall recovery rates, the MNV used to spike each sample as a whole-process control
was also quantified by qPCR (25). The overall recovery rate was calculated by dividing the copy number
of the MNV detected in the virus concentrate by the copy number of the MNV used to spike the sample.
MNV has been used as a process control to detect human noroviruses in drinking water (53) and sewage
(54) and proposed as an appropriate control to validate the detection of norovirus in food samples (55).
We used the MNV recovery rate as a quality assurance parameter only and did not use it to adjust test
results (56). Samples with a recovery rate of >1.0% were adopted into norovirus quantification (57).

The number of norovirus genome copies was determined with a standard curve generated from a
10-fold serial dilution of standard DNA (102 to 10" copies/well). A synthesized oligonucleotide of the
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target region (Nihon Gene Research Laboratories, Sendai, Japan) was used as the standard DNA.
Each sample was measured in triplicate, and a limit for the quantification cycle value was set at 40
in accordance with the MIQE guidelines (58). The geometric mean copy number in the sample was
converted to the concentration in the sewage sample only when two or more replicated quantification
cycle values were <40. The norovirus genome concentrations in sewage samples were not adjusted with
the MNV recovery rates.

(iv) Amplification for pyrosequencing. Norovirus analysis by pyrosequencing was performed once
every 1 or 2 months (23 samples in total). Seminested PCR was performed for the selected samples with
NEBNext High-Fidelity 2X PCR master mix (New England BioLabs, Ipswich, MA, USA) and 500 nM both
forward and reverse primers. The primers for the first and second PCRs were COG1F/G1SKR and
G1SKF/G1SKR for Gl and COG2F/G2SKR and G2SKF/G2SKR for Gll (45, 50). The seminested PCR products
were visualized by agarose gel electrophoresis. Samples with the expected product lengths (330 and 344
bp for GI and Gll, respectively) were purified and concentrated to 30 wul and then submitted for
pyrosequencing (25).

(v) Pyrosequencing. To perform pyrosequencing of the norovirus amplicons with the GS Junior+
System (Roche Applied Science, Penzberg, Germany), unique adaptors were ligated to both the 5’ and
3’ ends of the amplicons by fusion PCR. Fusion PCR was carried out with 10 ul of the purified nested-PCR
products. The fusion primers consisted of FLX Titanium Primer A (25-mer sequence used for sequencing),
Multiplex Identifier (10-mer sequence for barcoding of each sample), G1SKF and G2SKF as forward
primers, and FLX Titanium Primer B (25-mer sequence used for sequencing) and G1SKR and G2SKR as
reverse primers (25).

Ninety-microliter volumes of the fusion PCR products were purified and concentrated to 30 ul with
the QIAquick PCR purification kit with QlAcube (Qiagen). DNA concentrations of the purified fusion PCR
products were measured with the Quant-iT PicoGreen dsDNA Assay kit (Thermo Fisher Scientific) with
infinite M1000 PRO (TECAN, Mannedorf, Switzerland). Four to five samples with different Multiplex
Identifier sequences were mixed for the individual pyrosequencing runs with the GS Junior+ System
with the Titanium emPCR kit (Lib-L) and the GS Junior Titanium Sequencing kit (Roche Applied Science)
in accordance with the manufacturer’s instructions (25).

(vi) Bioinformatic analysis. Bioinformatic analysis was performed with QIIME 1.8.0 software (59) as
previously described (25). Briefly, quality filtering and removal of primer sequences were performed with
the software package split_library.py with a minimum quality score parameter of 25. Sequences with
incorrect nucleotides produced in the nested-PCR and pyrosequencing steps were corrected with the
denoiser.py package. Chimeric sequences were removed with the Perseus software (60) after removing
reverse primers with the split_library.py package. Sequences were then clustered into operational
taxonomic units (OTUs) on the basis of a minimum nucleotide sequence similarity of 97% with the
pick_otus.py package, and a representative sequence of each OTU was selected with the pick_rep_set.py
package.

Genotypes and variants of the representative sequences were identified with the Norovirus Geno-
typing Tool Version 1.0 (61). If a given sequence could not be assigned with the Norovirus Genotyping
Tool, that sequence was categorized as “not assigned.” The diversity of the norovirus strains (OTUs) in
each sewage sample was evaluated by using a rarefaction curve generated by the Analytic Rarefaction
2.0 software (http://strata.uga.edu/software/).

Cross-correlation analysis. The temporal relationship between the norovirus concentration in
sewage and the number of infectious gastroenteritis cases reported by pediatric sentinel clinics in the
study area (10 clinics) or in Japan (approximately 3,000 clinics) was evaluated by cross-correlation
analysis. Since 14 October 2013, the pediatric sentinel clinics have reported gastroenteritis cases caused
by rotaviruses separately. We used the data set from 16 October 2013 to 30 March 2016 (a total of 126
weeks), assuming that most of the cases were caused by noroviruses (1, 41). We performed cross-
correlation analysis of the log-transformed concentration of norovirus Gl or Gll in sewage and the
number of gastroenteritis cases by using IBM SPSS Statistics Ver. 19. We defined the lag time that the
norovirus concentration changed behind as “+” and evaluated the correlation coefficients from —7 to
+7 weeks with a significance level of 5%.

Phylogenetic analysis. To compare nucleotide sequences obtained from stool and sewage samples,
phylogenetic analysis was carried out for all of the genotypes detected in both sewage and stool
samples. Given that the sewage samples yielded several OTUs, representative sequences of OTUs
containing the largest number of reads were used. In addition, sequences detected in our previous study
in the 2012-2013 season (25) were also included in the phylogenic analysis. The sequences were aligned
with ClustalW; bootstrapped phylogenetic trees were then constructed by the neighbor-joining method
with 1,000 bootstrap replications by using the MEGA6 software (62). The genetic distances were
calculated by the Kimura two-parameter method.

Accession number(s). Nucleotide sequence data from stool and sewage samples in the previous and
present studies have been deposited in the DDBJ/EMBL/GenBank databases under accession numbers
LC160136 to LC160238, LC169534 to LC169543, and DRA005041.

ACKNOWLEDGMENTS

We thank Hitoshi Onodera and Kimie Misawa for their support with virological
surveillance of gastroenteritis cases.

This study was supported by Core Research for Evolutionary Science and Technol-
ogy (CREST) of the Japan Science and Technology Agency (JST).

May 2017 Volume 83 Issue 9 e03406-16

Applied and Environmental Microbiology

aem.asm.org 12


http://strata.uga.edu/software/
https://www.ncbi.nlm.nih.gov/nuccore/LC160136
https://www.ncbi.nlm.nih.gov/nuccore/LC160238
https://www.ncbi.nlm.nih.gov/nuccore/LC169534
https://www.ncbi.nlm.nih.gov/nuccore/LC169543
https://www.ncbi.nlm.nih.gov/sra/?term=DRA005041
http://aem.asm.org

Sensitive Detection of NoV Epidemic Variants in Sewage

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

May 2017 Volume 83

Glass RI, Parashar UD, Estes MK. 2009. Norovirus gastroenteritis. N Engl
J Med 361:1776-1785. https://doi.org/10.1056/NEJMra0804575.

. Bartsch SM, Lopman BA, Ozawa S, Hall AJ, Lee BY. 2016. Global economic

burden of norovirus gastroenteritis. PLoS One 11:e0151219. https://doi
.org/10.1371/journal.pone.0151219.

. de Graaf M, van Beek J, Koopmans MPG. 2016. Human norovirus trans-

mission and evolution in a changing world. Nat Rev Microbiol 14:
421-433. https://doi.org/10.1038/nrmicro.2016.48.

. Chen R, Neill JD, Noel JS, Hutson AM, Glass Rl, Estes MK, Prasad BVV.

2004. Inter- and intragenus structural variations in caliciviruses and their
functional implications. J Virol 78:6469-6479. https://doi.org/10.1128/
JVI.78.12.6469-6479.2004.

. Vinjé J. 2015. Advances in laboratory methods for detection and typing

of norovirus. J Clin Microbiol 53:373-381. https://doi.org/10.1128/JCM
.01535-14.

. Vega E, Barclay L, Gregoricus N, Shirley SH, Lee D, Vinjé J. 2014. Geno-

typic and epidemiologic trends of norovirus outbreaks in the United
States, 2009 to 2013. J Clin Microbiol 52:147-155. https://doi.org/10
.1128/JCM.02680-13.

. La Rosa G, Pourshaban M, laconelli M, Muscillo M. 2008. Detection of

genogroup [V noroviruses in environmental and clinical samples and
partial sequencing through rapid amplification of cDNA ends. Arch Virol
153:2077-2083. https://doi.org/10.1007/500705-008-0241-4.

. Siebenga JJ, Vennema H, Zheng DP, Vinjé J, Lee BE, Pang XL, Ho ECM,

Lim W, Choudekar A, Broor S, Halperin T, Rasool NBG, Hewitt J, Greening
GE, Jin M, Duan ZJ, Lucero Y, O'Ryan M, Hoehne M, Schreier E, Ratcliff
RM, White PA, Iritani N, Reuter G, Koopmans M. 2009. Norovirus illness is
a global problem: emergence and spread of norovirus Gll.4 variants,
2001-2007. J Infect Dis 200:802-812. https://doi.org/10.1086/605127.

. Chan MCW, Lee N, Hung T-N, Kwok K, Cheung K, Tin EKY, Lai RWM, Nelson

EAS, Leung TF, Chan PKS. 2015. Rapid emergence and predominance of a
broadly recognizing and fast-evolving norovirus GlI.17 variant in late 2014.
Nat Commun 6:10061. https://doi.org/10.1038/ncomms10061.

Dinu S, Nagy M, Negru DG, Popovici ED, Zota L, Oprisan, G. 2016.
Molecular identification of emergent GII.P17-GIl.17 norovirus genotype,
Romania, 2015. Euro Surveill 21:30141. https://doi.org/10.2807/1560
-7917.ES5.2016.21.7.30141.

Fu J, Ai J, Jin M, Jiang C, Zhang J, Shi C, Lin Q, Yuan Z, Qi X, Bao C, Tang
F, Zhu Y. 2015. Emergence of a new GII.17 norovirus variant in patients
with acute gastroenteritis in Jiangsu, China, September 2014 to March
2015. Euro Surveill 20:21157. https://doi.org/10.2807/1560-7917.ES2015
.20.24.21157.

Matsushima Y, Ishikawa M, Shimizu T, Komane A, Kasuo S, Shinohara M,
Nagasawa K, Kimura H, Ryo A, Okabe N, Haga K, Doan YH, Katayama K,
Shimizu H. 2015. Genetic analyses of GII.17 norovirus strains in diarrheal
disease outbreaks from December 2014 to March 2015 in Japan reveal
a novel polymerase sequence and amino acid substitutions in the capsid
region. Euro Surveill 20:21173. https://doi.org/10.2807/1560-7917
.ES2015.20.26.21173.

Medici MC, Tummolo F, Calderaro A, Chironna M, Giammanco GM, De
Grazia S, Arcangeletti MC, De Conto F, Chezzi C, Martella V. 2015.
Identification of the novel Kawasaki 2014 GlI.17 human norovirus strain
in Italy, 2015. Euro Surveill 20:30010. https://doi.org/10.2807/1560-7917
.ES.2015.20.35.30010.

Parra Gl, Green KY. 2015. Genome of emerging norovirus Gll.17, United
States, 2014. Emerg Infect Dis 21:1477-1479. https://doi.org/10.3201/
€id2108.150652.

Motomura K, Oka T, Yokoyama M, Nakamura H, Mori H, Ode H, Hansman
GS, Katayama K, Kanda T, Tanaka T, Takeda N, Sato H, Norovirus Surveil-
lance Group of Japan. 2008. Identification of monomorphic and diver-
gent haplotypes in the 2006-2007 norovirus Gll/4 epidemic population
by genomewide tracing of evolutionary history. J Virol 82:11247-11262.
https://doi.org/10.1128/JV1.00897-08.

Ahmed SM, Lopman BA, Levy K. 2013. A systematic review and meta-
analysis of the global seasonality of norovirus. PLoS One 8:275922.
https://doi.org/10.1371/journal.pone.0075922.

Yoneda M, Okayama A, Kitahori Y. 2014. Epidemiological characteristics
of norovirus associated with sporadic gastroenteritis among children
from the 2006/2007 to 2011/2012 season in Nara Prefecture, Japan.
Intervirology 57:31-35. https://doi.org/10.1159/000353852.

Kitajima M, Haramoto E, Phanuwan C, Katayama H, Furumai H. 2012.
Molecular detection and genotyping of human noroviruses in influent and

Issue 9 e03406-16

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Applied and Environmental Microbiology

effluent water at a wastewater treatment plant in Japan. J Appl Microbiol
112:605-613. https://doi.org/10.1111/j.1365-2672.2012.05231 .

. La Rosa G, laconelli M, Pourshaban M, Muscillo M. 2010. Detection and

molecular characterization of noroviruses from five sewage treatment
plants in central Italy. Water Res 44:1777-1784. https://doi.org/10.1016/
j.watres.2009.11.055.

Mans J, Netshikweta R, Magwalivha M, van Zyl WB, Taylor MB. 2013.
Diverse norovirus genotypes identified in sewage-polluted river water in
South Africa. Epidemiol Infect 141:303-313. https://doi.org/10.1017/
$0950268812000490.

Ueki Y, Sano D, Watanabe T, Akiyama K, Omura T. 2005. Norovirus
pathway in water environment estimated by genetic analysis of strains
from patients of gastroenteritis, sewage, treated wastewater, river water
and oysters. Water Res 39:4271-4280. https://doi.org/10.1016/j.watres
.2005.06.035.

Kremer JR, Langlet J, Skraber S, Weicherding P, Weber B, Cauchie HM, De
Landtsheer S, Even J, Muller CP, Hoffmann L, Mossong J. 2011. Genetic
diversity of noroviruses from outbreaks, sporadic cases and wastewater
in Luxembourg 2008-2009. Clin Microbiol Infect 17:1173-1176. https://
doi.org/10.1111/j.1469-0691.2010.03407 ..

Rajko-Nenow P, Waters A, Keaveney S, Flannery J, Tuite G, Coughlan S,
O'Flaherty V, Doré W. 2013. Norovirus genotypes present in oysters and
in effluent from a wastewater treatment plant during the seasonal peak
of infections in Ireland in 2010. Appl Environ Microbiol 79:2578-2587.
https://doi.org/10.1128/AEM.03557-12.

Prevost B, Lucas FS, Ambert-Balay K, Pothier P, Moulin L, Wurtzer S. 2015.
Deciphering the diversities of astroviruses and noroviruses in wastewa-
ter treatment plant effluents by a high-throughput sequencing method.
Appl Environ Microbiol 81:7215-7222. https://doi.org/10.1128/AEM
.02076-15.

Kazama S, Masago Y, Tohma K, Souma N, Imagawa T, Suzuki A, Liu X,
Saito M, Oshitani H, Omura T. 2016. Temporal dynamics of norovirus
determined through monitoring of municipal wastewater by pyrose-
quencing and virological surveillance of gastroenteritis cases. Water Res
92:244-253. https://doi.org/10.1016/j.watres.2015.10.024.

Lodder WJ, Buisman AM, Rutjes SA, Heijne JC, Teunis PF, de Roda
Husman AM. 2012. Feasibility of quantitative environmental surveillance
in poliovirus eradication strategies. Appl Environ Microbiol 78:
3800-3805. https://doi.org/10.1128/AEM.07972-11.

Hellmér M, Paxeus N, Magnius L, Enache L, Arnholm B, Johansson A,
Bergstrom T, Norder H. 2014. Detection of pathogenic viruses in sewage
provided early warnings of hepatitis A virus and norovirus outbreaks.
Appl Environ Microbiol 80:6771-6781. https://doi.org/10.1128/AEM
.01981-14.

Prevost B, Lucas FS, Goncalves A, Richard F, Moulin L, Wurtzer S. 2015.
Large scale survey of enteric viruses in river and waste water underlines
the health status of the local population. Environ Int 79:42-50. https://
doi.org/10.1016/j.envint.2015.03.004.

Katayama H, Haramoto E, Oguma K, Yamashita H, Tajima A, Nakajima H,
Ohgaki S. 2008. One-year monthly quantitative survey of noroviruses,
enteroviruses, and adenoviruses in wastewater collected from six plants
in Japan. Water Res 42:1441-1448. https://doi.org/10.1016/j.watres.2007
.10.029.

Ozawa K, Oka T, Takeda N, Hansman GS. 2007. Norovirus infections in
symptomatic and asymptomatic food handlers in Japan. J Clin Microbiol
45:3996 -4005. https://doi.org/10.1128/JCM.01516-07.

Tao Z, Xu M, Lin X, Wang H, Song L, Wang S, Zhou N, Zhang D, Xu A.
2015. Environmental surveillance of genogroup | and Il noroviruses in
Shandong Province, China in 2013. Sci Rep 5:17444. https://doi.org/10
.1038/srep17444.

Chan MCW, Sung JJY, Lam RKY, Chan PKS, Lee NLS, Lai RWM, Leung WK.
2006. Fecal viral load and norovirus-associated gastroenteritis. Emerg
Infect Dis 12:1278-1280. https://doi.org/10.3201/eid1208.060081.
Fukuda S, Takao S, Shigemoto N, Tanizawa Y, Seno M. 2010. Transition of
genotypes associated with norovirus gastroenteritis outbreaks in a limited
area of Japan, Hiroshima Prefecture, during eight epidemic seasons. Arch
Virol 155:111-115. https://doi.org/10.1007/s00705-009-0528-0.

Atmar RL, Opekun AR, Gilger MA, Estes MK, Crawford SE, Neill FH,
Graham DY. 2008. Norwalk virus shedding after experimental human
infection. Emerg Infect Dis 14:1553-1557. https://doi.org/10.3201/
€id1410.080117.

Tu ETV, Bull RA, Greening GE, Hewitt J, Lyon MJ, Marshall JA, Mclver CJ,
Rawlinson WD, White PA. 2008. Epidemics of gastroenteritis during 2006

aem.asm.org 13


https://doi.org/10.1056/NEJMra0804575
https://doi.org/10.1371/journal.pone.0151219
https://doi.org/10.1371/journal.pone.0151219
https://doi.org/10.1038/nrmicro.2016.48
https://doi.org/10.1128/JVI.78.12.6469-6479.2004
https://doi.org/10.1128/JVI.78.12.6469-6479.2004
https://doi.org/10.1128/JCM.01535-14
https://doi.org/10.1128/JCM.01535-14
https://doi.org/10.1128/JCM.02680-13
https://doi.org/10.1128/JCM.02680-13
https://doi.org/10.1007/s00705-008-0241-4
https://doi.org/10.1086/605127
https://doi.org/10.1038/ncomms10061
https://doi.org/10.2807/1560-7917.ES.2016.21.7.30141
https://doi.org/10.2807/1560-7917.ES.2016.21.7.30141
https://doi.org/10.2807/1560-7917.ES2015.20.24.21157
https://doi.org/10.2807/1560-7917.ES2015.20.24.21157
https://doi.org/10.2807/1560-7917.ES2015.20.26.21173
https://doi.org/10.2807/1560-7917.ES2015.20.26.21173
https://doi.org/10.2807/1560-7917.ES.2015.20.35.30010
https://doi.org/10.2807/1560-7917.ES.2015.20.35.30010
https://doi.org/10.3201/eid2108.150652
https://doi.org/10.3201/eid2108.150652
https://doi.org/10.1128/JVI.00897-08
https://doi.org/10.1371/journal.pone.0075922
https://doi.org/10.1159/000353852
https://doi.org/10.1111/j.1365-2672.2012.05231.x
https://doi.org/10.1016/j.watres.2009.11.055
https://doi.org/10.1016/j.watres.2009.11.055
https://doi.org/10.1017/S0950268812000490
https://doi.org/10.1017/S0950268812000490
https://doi.org/10.1016/j.watres.2005.06.035
https://doi.org/10.1016/j.watres.2005.06.035
https://doi.org/10.1111/j.1469-0691.2010.03407.x
https://doi.org/10.1111/j.1469-0691.2010.03407.x
https://doi.org/10.1128/AEM.03557-12
https://doi.org/10.1128/AEM.02076-15
https://doi.org/10.1128/AEM.02076-15
https://doi.org/10.1016/j.watres.2015.10.024
https://doi.org/10.1128/AEM.07972-11
https://doi.org/10.1128/AEM.01981-14
https://doi.org/10.1128/AEM.01981-14
https://doi.org/10.1016/j.envint.2015.03.004
https://doi.org/10.1016/j.envint.2015.03.004
https://doi.org/10.1016/j.watres.2007.10.029
https://doi.org/10.1016/j.watres.2007.10.029
https://doi.org/10.1128/JCM.01516-07
https://doi.org/10.1038/srep17444
https://doi.org/10.1038/srep17444
https://doi.org/10.3201/eid1208.060081
https://doi.org/10.1007/s00705-009-0528-0
https://doi.org/10.3201/eid1410.080117
https://doi.org/10.3201/eid1410.080117
http://aem.asm.org

Kazama et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

May 2017 Volume 83

were associated with the spread of norovirus Gll.4 variants 2006a and
2006b. Clin Infect Dis 46:413-420. https://doi.org/10.1086/525259.
Kirkwood CD, Streitberg R. 2008. Calicivirus shedding in children after
recovery from diarrhoeal disease. J Clin Virol 43:346-348. https://doi
.0rg/10.1016/j,jcv.2008.08.001.

Ayukekbong JA, Fobisong C, Tah F, Lindh M, Nkuo-Akenji T, Bergstrom
T. 2014. Pattern of circulation of norovirus Gll strains during natural
infection. J Clin Microbiol 52:4253-4259. https://doi.org/10.1128/JCM
.01896-14.

Kumazaki M, Usuku S. 2015. Genetic analysis of norovirus Gll.4 variant
strains detected in outbreaks of gastroenteritis in Yokohama, Japan,
from the 2006-2007 to the 2013-2014 seasons. PLoS One 10:e0142568.
https://doi.org/10.1371/journal.pone.0142568.

Lindesmith LC, Ferris MT, Mullan CW, Ferreira J. 2015. Broad blockade
antibody responses in human volunteers after immunization with a
multivalent norovirus VLP candidate vaccine: immunological analyses
from a phase | clinical trial. PLoS Med 12:e1001807. https://doi.org/10
.1371/journal.pmed.1001807.

Saito M, Goel-Apaza S, Espetia S, Velasquez D, Cabrera L, Loli S, Crabtree
JE, Black RE, Kosek M, Checkley W, Zimic M, Bern C, Cama V, Gilman RH,
Norovirus Working Group in Peru. 2014. Multiple norovirus infections in
a birth cohort in a Peruvian periurban community. Clin Infect Dis 58:
483-491. https://doi.org/10.1093/cid/cit763.

National Institute of Infectious Diseases. 2016. Gastroenteritis viruses
detected from patients in Japan, 2005-2016. Infectious agents surveil-
lance report. National Institute of Infectious Diseases, Tokyo, Japan.
http://wwwO0.nih.go.jp/niid/idsc/iasr/Byogentai/Pdf/data96j.pdf. Ac-
cessed November 2016.

Hall AJ, Lopman BA, Payne DC, Patel MM, Gastafaduy PA, Vinjé J,
Parashar UD. 2013. Norovirus disease in the United States. Emerg Infect
Dis 19:1198-1205. https://doi.org/10.3201/eid1908.130465.

Ahmed SM, Hall AJ, Robinson AE, Verhoef L. 2014. Global prevalence of
norovirus in cases of gastroenteritis: a systematic review and meta-
analysis. Lancet Infect Dis 14:725-730. https://doi.org/10.1016/51473
-3099(14)70767-4.

Bucardo F, Nordgren J, Carlsson B, Kindberg E, Paniagua M, Mollby R,
Svensson L. 2010. Asymptomatic norovirus infections in Nicaraguan
children and its association with viral properties and histo-blood group
antigens. Pediatr Infect Dis J 29:934-939. https://doi.org/10.1097/INF
.0b013e3181ed9f2f.

Kageyama T, Kojima S, Shinohara M, Uchida K, Fukushi S, Hoshino FB,
Takeda N, Katayama K. 2003. Broadly reactive and highly sensitive assay
for Norwalk-like viruses based on real-time quantitative reverse
transcription-PCR. J Clin Microbiol 41:1548-1557. https://doi.org/10
.1128/JCM.41.4.1548-1557.2003.

Pang XL, Lee B, Boroumand N, Leblanc B, Preiksaitis JK, Yu Ip CC. 2004.
Increased detection of rotavirus using a real time reverse transcription-
polymerase chain reaction (RT-PCR) assay in stool specimens from chil-
dren with diarrhea. J Med Virol 72:496 -501. https://doi.org/10.1002/jmv
.20009.

Oka T, Katayama K, Hansman GS, Kageyama T, Ogawa S, Wu F-T, White
PA, Takeda N. 2006. Detection of human sapovirus by real-time reverse
transcription-polymerase chain reaction. J Med Virol 78:1347-1353.
https://doi.org/10.1002/jmv.20699.

Heim A, Ebnet C, Harste G, Pring-/f\kerblom P. 2003. Rapid and quanti-
tative detection of human adenovirus DNA by real-time PCR. J Med Virol
70:228-239. https://doi.org/10.1002/jmv.10382.

Jiang X, Huang PW, Zhong WM, Farkas T, Cubitt DW, Matson DO. 1999.

Issue 9 e03406-16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Applied and Environmental Microbiology

Design and evaluation of a primer pair that detects both Norwalk- and
Sapporo-like caliciviruses by RT-PCR. J Virol Methods 83:145-154.
https://doi.org/10.1016/50166-0934(99)00114-7.

Kojima S, Kageyama T, Fukushi S, Hoshino FB, Shinohara M, Uchida K,
Natori K, Takeda N, Katayama K. 2002. Genogroup-specific PCR primers
for detection of Norwalk-like viruses. J Virol Methods 100:107-114.
https://doi.org/10.1016/50166-0934(01)00404-9.

Aoki Y, Suto A, Mizuta K, Ahiko T, Osamu Matsuzaki Y. 2010. Duration of
norovirus excretion and the longitudinal course of viral load in
norovirus-infected elderly patients. J Hosp Infect 75:42-46. https://doi
.0rg/10.1016/}.jhin.2009.12.016.

Ministry of Health Labour and Welfare. 2007. Detection protocol of
norovirus. Notice no. 0514004. Safety Division, Pharmaceutical and Food
Safety Bureau, Ministry of Health, Labour and Welfare, Tokyo, Japan.
http:/www.mhlw.go.jp/topics/syokuchu/kanren/kanshi/dl/031105-
1a.pdf (in Japanese.)

Hennechart-Collette C, Martin-Latil S, Guillier L, Perelle S. 2014. Multiplex
real-time RT-qPCR for the detection of Norovirus in bottled and tap
water using murine norovirus as a process control. J Appl Microbiol
116:179-190. https://doi.org/10.1111/jam.12345.

Miura T, Okabe S, Nakahara Y, Sano D. 2015. Removal properties of human
enteric viruses in a pilot-scale membrane bioreactor (MBR) process. Water
Res 75:282-291. https://doi.org/10.1016/j.watres.2015.02.046.
Hennechart-Collette C, Martin-Latil S, Guillier L, Perelle S. 2015. Deter-
mination of which virus to use as a process control when testing for the
presence of hepatitis A virus and norovirus in food and water. Int J Food
Microbiol 202:57-65. https://doi.org/10.1016/j.ijffoodmicro.2015.02.029.
ISO. 2013. Microbiology of food and animal feed—horizontal method
for determination of hepatitis A virus and norovirus in food using
real-time RT-PCR—part 1: method for quantification. ISO/TS 15216-1:
2013. 1SO, Geneva, Switzerland. https://www.iso.org/standard/
55382.html.

Miura T, Lhomme S, Le Saux J-C, Le Mehaute P, Guillois Y, Couturier E,
Izopet J, Abranavel F, Le Guyader FS. 2016. Detection of hepatitis E virus
in sewage after an outbreak on a French island. Food Environ Virol
8:194-199. https://doi.org/10.1007/512560-016-9241-9.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller
R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. 2009. The
MIQE guidelines: minimum information for publication of quantitative
real-time PCR experiments. Clin Chem 55:611-622. https://doi.org/10
.1373/clinchem.2008.112797.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pefia AG, Goodrich JK, Gordon JI, Huttley GA, Kelley
ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD,
Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J,
Yatsunenko T, Zaneveld J, Knight R. 2010. QIIME allows analysis of
high-throughput community sequencing data. Nat Methods 7:335-336.
https://doi.org/10.1038/nmeth.f.303.

Quince C, Lanzen A, Davenport RJ, Turnbaugh PJ. 2011. Removing noise
from pyrosequenced amplicons. BMC Bioinformatics 12:38. https://doi
.org/10.1186/1471-2105-12-38.

Kroneman A, Vennema H, Deforche K, van der Avoort H, Pefaranda HS,
Oberste MS, Vinjé J, Koopmans M. 2011. An automated genotyping tool
for enteroviruses and noroviruses. J Clin Virol 51:121-125. https://doi
.0rg/10.1016/j,jcv.2011.03.006.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGAG6:
molecular evolutionary genetics analysis version 6.0. Mol Biol Evol 30:
2725-2729. https://doi.org/10.1093/molbev/mst197.

aem.asm.org 14


https://doi.org/10.1086/525259
https://doi.org/10.1016/j.jcv.2008.08.001
https://doi.org/10.1016/j.jcv.2008.08.001
https://doi.org/10.1128/JCM.01896-14
https://doi.org/10.1128/JCM.01896-14
https://doi.org/10.1371/journal.pone.0142568
https://doi.org/10.1371/journal.pmed.1001807
https://doi.org/10.1371/journal.pmed.1001807
https://doi.org/10.1093/cid/cit763
http://www0.nih.go.jp/niid/idsc/iasr/Byogentai/Pdf/data96j.pdf
https://doi.org/10.3201/eid1908.130465
https://doi.org/10.1016/S1473-3099(14)70767-4
https://doi.org/10.1016/S1473-3099(14)70767-4
https://doi.org/10.1097/INF.0b013e3181ed9f2f
https://doi.org/10.1097/INF.0b013e3181ed9f2f
https://doi.org/10.1128/JCM.41.4.1548-1557.2003
https://doi.org/10.1128/JCM.41.4.1548-1557.2003
https://doi.org/10.1002/jmv.20009
https://doi.org/10.1002/jmv.20009
https://doi.org/10.1002/jmv.20699
https://doi.org/10.1002/jmv.10382
https://doi.org/10.1016/S0166-0934(99)00114-7
https://doi.org/10.1016/S0166-0934(01)00404-9
https://doi.org/10.1016/j.jhin.2009.12.016
https://doi.org/10.1016/j.jhin.2009.12.016
http://http:/www.mhlw.go.jp/topics/syokuchu/kanren/kanshi/dl/031105-1a.pdf
http://http:/www.mhlw.go.jp/topics/syokuchu/kanren/kanshi/dl/031105-1a.pdf
https://doi.org/10.1111/jam.12345
https://doi.org/10.1016/j.watres.2015.02.046
https://doi.org/10.1016/j.ijfoodmicro.2015.02.029
https://www.iso.org/standard/55382.html
https://www.iso.org/standard/55382.html
https://doi.org/10.1007/s12560-016-9241-9
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1186/1471-2105-12-38
https://doi.org/10.1186/1471-2105-12-38
https://doi.org/10.1016/j.jcv.2011.03.006
https://doi.org/10.1016/j.jcv.2011.03.006
https://doi.org/10.1093/molbev/mst197
http://aem.asm.org

	RESULTS
	Norovirus concentrations in sewage and reported gastroenteritis cases. 
	Cross-correlation analysis of the norovirus concentrations in sewage and the reported gastroenteritis cases. 
	Virological surveillance for gastroenteritis cases. 
	Sewage sample analysis by pyrosequencing. 
	Comparison of norovirus genotypes detected in stool and sewage samples. 
	Phylogenetic analysis of norovirus strains detected in stool and sewage samples. 

	DISCUSSION
	MATERIALS AND METHODS
	Study design. 
	Analysis of noroviruses in stool samples. (i) Sample collection and screening. 
	(ii) Analysis of genotypes. 
	(iii) Ethics statement. 
	Analysis of noroviruses in sewage samples. (i) Sample collection. 
	(ii) Virus concentration, nucleic acid extraction, and RT. 
	(iii) Norovirus quantification by qPCR assay. 
	(iv) Amplification for pyrosequencing. 
	(v) Pyrosequencing. 
	(vi) Bioinformatic analysis. 
	Cross-correlation analysis. 
	Phylogenetic analysis. 
	Accession number(s). 

	ACKNOWLEDGMENTS

